Studies by solid-state nuclear magnetic resonance (NMR) of amyloid fibrils prepared in vitro from synthetic 40-residue ␤-amyloid (A␤ 1-40) peptides have shown that the molecular structure of A␤1-40 fibrils is not uniquely determined by amino acid sequence. Instead, the fibril structure depends on the precise details of growth conditions. The molecular structures of ␤-amyloid fibrils that develop in Alzheimer's disease (AD) are therefore uncertain. We demonstrate through thioflavin T fluorescence and electron microscopy that fibrils extracted from brain tissue of deceased AD patients can be used to seed the growth of synthetic A␤ 1-40 fibrils, allowing preparation of fibrils with isotopic labeling and in sufficient quantities for solid-state NMR and other measurements. Because amyloid structures propagate themselves in seeded growth, as shown in previous studies, the molecular structures of brain-seeded synthetic A␤ 1-40 fibrils most likely reflect structures that are present in AD brain. Solid-state 13 C NMR spectra of fibril samples seeded with brain material from two AD patients were found to be nearly identical, indicating the same molecular structures. Spectra of an unseeded control sample indicate greater structural heterogeneity. 13 C chemical shifts and other NMR data indicate that the predominant molecular structure in brain-seeded fibrils differs from the structures of purely synthetic A␤1-40 fibrils that have been characterized in detail previously. These results demonstrate a new approach to detailed structural characterization of amyloid fibrils that develop in human tissue, and to investigations of possible correlations between fibril structure and the degree of cognitive impairment and neurodegeneration in AD.
T he molecular structure of amyloid fibrils formed de novo by the ␤-amyloid peptide associated with AD depends on fibril growth conditions (1) (2) (3) . The ability of preformed fibrils to propagate their structures through seeded growth in vitro has enabled detailed structural characterization of two distinct A␤ fibril structures, based largely on solid-state NMR measurements on a series of 15 N-and 13 C-labeled samples (4, 5) . Self-propagating, molecular-level structural polymorphism of amyloid fibrils underlies the phenomenon of strains in yeast prions and possibly mammalian prions (6) (7) (8) . Amyloid polymorphism may also play a role in human amyloid diseases, for example by controlling the toxicity of amyloid deposits (1, 9) . Detailed structural characterization of amyloid fibrils that develop in vivo may help to elucidate the role of fibrils in human disease, which is presently a subject of controversy (10, 11) . However, direct structural measurements are prevented by the small quantities and lack of isotopic labels in fibrils formed in vivo.
Here we report seeded growth of A␤ fibrils from fibrils that were extracted from frontal lobe brain tissue, obtained at autopsy, from two AD patients., Fibril extraction follows a previously reported protocol (12) , with modifications described below. Thioflavin T (ThT) fluorescence and transmission electron microscopy (TEM) measurements show a clear acceleration of the conversion of synthetic A␤ to fibrillar form upon addition of AD brainderived material, i.e., a clear seeding effect. Because previous in vitro experiments have shown that seeded fibril growth generally preserves molecular structure (1) , the structures of brain-seeded fibrils most likely correspond to structures present in AD brain. Moreover, seeded growth from brain-derived material permits us to prepare isotopically labeled fibrils in the milligram quantities required for solid-state NMR.
Solid-state NMR measurements on fibrils seeded with material from two separate AD patients (brains 1 and 2; see Materials and Methods) yield the same results, as described below: (i) brainseeded A␤ fibrils have the same two coexisting molecular structures, with one structure being predominant; (ii) the predominant structure in brain-seeded fibrils is different from the two A␤ fibril structures that we have characterized in detail in previous work on purely synthetic samples (4, 5) . Parallel control experiments show that unseeded fibril growth produces greater structural heterogeneity, supporting the hypothesis that specific fibril structures are present in AD brain, leading to specific structures in the brain-seeded samples. These results indicate the feasibility of using seeded growth in combination with solid-state NMR and other physical techniques to determine the molecular structures of fibrils that develop in vivo in AD and other amyloid diseases.
Results
Seeding of Synthetic A␤1-40 Fibril Growth by Brain Amyloid. TEM images of amyloid material extracted from AD brain show both fibrils and residual nonfibrillar material (Figs. 1A-1C ). Western blotting with monoclonal antibody 6E10, which recognizes residues 3-8 of the ␤-amyloid peptide, confirmed the identity of these fibrils. The fibrils have diameters and morphologies similar to those of synthetic ␤-amyloid fibrils (1, 2) , but the precise morphologies of fibrils in brain amyloid are difficult to assess because of selfassociation of fibrils and adherence of masses of nonfibrillar particles. ␤-Amyloid from brain tissue presumably includes the chain length variants and chemical modifications identified previously (13) .
The ability of AD brain amyloid to accelerate fibril formation in synthetic A␤ solutions (i.e., to act as a seed) was demonstrated by both TEM and ThT fluorescence measurements. For TEM measurements, brain amyloid was sonicated and added to solutions of synthetic A␤ , in an approximate 1:20 molar ratio of brainderived ␤-amyloid to synthetic A␤ . TEM images obtained 4 hours after initial seeding reveal the presence of long (several micrometers) fibrils (Figs. 1D-1F ). In contrast, no fibrils were observed in a parallel unseeded control solution of synthetic A␤ 1-40 after 24 hours, using identical TEM conditions. As expected, fibrils were detected by TEM in the control solution after longer incubation periods (Ͼ48 hours).
Results of ThT fluorescence experiments are shown in Fig. 2 . The kinetics of fibril growth in unseeded solutions of monomeric A␤ , as monitored by ThT fluorescence, can be fit empirically by a stretched exponential equation of the form
with s Ͼ 1, corresponding to an initial lag period of low fluorescence, a maximal rate of increase at t ϭ (s Ϫ 1/s) 1/s , and a plateau at long incubation times (14) . For unseeded experiments in Fig. 2 , s Ϸ 3.5 and Ϸ 80 hours. Figure 2 A shows that addition of either synthetic A␤ 1-40 fibril fragments or sonicated brain amyloid eliminated the lag period. Seeding with synthetic fibrils resulted in monoexponential kinetics (s ϭ 1, Ϸ 24 h). Seeding with brain amyloid produced significantly greater ThT fluorescence and non-monotonic kinetics, possibly because of fibril-fibril association and blockage of ThT binding sites at long times. Similar nonmonotonic kinetics have been reported for a modified A␤ , i.e., K28-octanoyl-A␤ (15) . Figure 2B shows that material extracted from brain tissue of two patients without AD, which contained nonfibrillar particles but no amyloid fibrils detectable by TEM, did not seed or accelerate A␤ 1-40 fibril growth.
Fibril Amplification by Seeded Growth. The first round of brainseeded growth (or unseeded growth in the case of the control sample) produced ''generation 1'' fibrils. Two subsequent rounds of seeded growth (using generations 1 and 2 as seeds to produce generations 2 and 3, respectively) resulted in amplification (factor of 10-20 per generation) to quantities necessary for solid-state NMR. Generation 3 fibrils were produced with isotopically labeled A␤ to allow solid-state NMR measurements. In TEM images of brain 1/generation 3 and brain 2/generation 3 samples, the most prevalent fibrils (red arrows in Figs. 1G and 1H) are single filaments with apparent widths of 6.5 Ϯ 1.0 nm, without an obvious width modulation. Other morphologies (blue arrows) include fibrils with periodic width modulations (50-120 nm spacing between apparent width maxima) and fibrils with 10-15 nm widths that are apparently formed by lateral association of finer filaments. We call the latter morphology a ''striated ribbon'' (4, 5) . TEM images of the control/ generation 3 sample (Fig. 1I ) reveal a greater mixture of morphologies, with an apparently larger proportion of striated ribbons.
Energy-filtered TEM (EFTEM) was used as described by Feja et al. (16) to measure the mass-per-length (MPL) distribution of brain 2/generation 3 fibrils [supporting information (SI) Fig. S1 ]. MPL values were in the 15-33 kDa/nm range, similar to MPL data for purely synthetic A␤ 1-40 fibrils (1, 4, 17) . Given the 0.48-nm intermolecular spacing in the ␤-sheets of amyloid fibrils and the 4.3 kDa molecular weight, a single layer of A␤ 1-40 molecules would have MPL Ϸ 9 kDa/nm. Brain-seeded A␤ 1-40 fibril samples therefore contain fibrils with both two and three molecular layers. MPL data for synthetic A␤ 1-40 fibrils (1, 4) have shown that striated ribbon fibrils contain multiples of two molecular layers (MPL Ϸ 18 kDa/nm, 36 kDa/nm, etc.), whereas fibrils with a pronounced width modulation in negatively stained TEM images (called ''twisted fibrils'') contain three molecular layers (MPL Ϸ 27 kDa/nm). Data in Fig. S1 suggest that the most prevalent fibril structure in brain-seeded samples may contain three molecular layers, although the apparent abundances of different fibril structures may be affected by differences in self-association or adsorption to the TEM grid.
Characterization of Molecular Structure by Solid-State NMR. Twodimensional (2D) 13 C NMR spectra of generation 3 fibrils, with uniform 15 N, 13 C-labeling of F19, V24, G25, A30, I31, L34, and M35, are shown in Fig. 3 . These spectra were obtained with magic-angle spinning (MAS) and with finite-pulse radiofrequency-driven recoupling (fpRFDR) in the mixing period (1, 4, 18) , producing strong one-bond crosspeaks that allow site-specific assignments of 13 structure accounts for 20 Ϯ 10% of the fibrils in the brain 1/generation 3 sample and 30 Ϯ 5% in the brain 2/generation 3 sample. Crosspeak positions and lineshapes for majority and minority structures are the same in both brain-seeded samples, to within experimental error. In contrast, the 2D 13 C NMR spectrum of the control/generation 3 sample contains significantly broader lines and nearly equal intensities of two or more crosspeak components, indicating greater structural inhomogeneity and the absence of a clear majority structure. Direct overlays of the 2D spectra and comparisons of one-dimensional (1D) slices from these spectra (Fig. S2 ) support the close similarity of the 13 C NMR chemical shifts and lineshapes for two brain-seeded samples, and the dissimilarity of the control/generation 3 NMR data. 13 C NMR chemical shifts are listed in Table S1 . The root-meansquared deviation between chemical shifts for majority (minority) signals from the two brain-seeded samples is 0.04 ppm (0.07 ppm), less than the 13 C NMR linewidths by a factor of 25. The root-meansquared deviation between brain 1/generation 3 and control/ generation 3 chemical shifts is significantly greater, being 0.28 ppm for majority and 0.44 ppm for minority signals (using signals in the control/generation 3 spectrum that are closest to corresponding signals in the brain 1/generation 3 spectrum). Because 13 C NMR chemical shifts are sensitive to peptide conformation and structural environment, these results show that the two brain-seeded samples have the same majority and minority structures. The most prevalent structures in the control/generation 3 sample may be different, but greater line widths and comparable abundances of multiple structures prevent a definitive determination.
For the majority structure in brain-seeded samples, secondary chemical shifts. i.e., differences between observed 13 C chemical shifts and reported shifts for random-coil polypeptides (19) , are negative for carbonyl and ␣-carbon sites and positive for ␤-carbon sites of all 13 C-labeled residues except V24 and G25, indicating the presence of ␤-strand segments that contain F19, A30, I31, L34, and M35. These secondary shifts are qualitatively consistent with the strand-bend-strand conformational motif for A␤ that has been observed in purely synthetic A␤ 1-40 fibrils (4, 5) . However, the precise values of chemical shifts for brain-seeded samples are significantly different from reported shifts in purely synthetic A␤ 1-40 fibrils (Table S1 and Fig. 4D ). The root-mean-squared deviation values between the majority signals of brain 1/generation 3 fibrils and reported chemical shifts of synthetic striated ribbon and twisted fibrils (1, 4) are 1.05 and 1.00 ppm, respectively. Thus, although the A␤ 1-40 peptide in brain-seeded fibrils apparently has the same conformational motif as in previously characterized synthetic fibrils, the details of the full molecular structure are not the same.
Inter-residue sidechain-sidechain contacts within the brainseeded A␤ 1-40 fibril structures were probed with a different form of 2D 13 C NMR spectroscopy, using radiofrequency-assisted diffusion (RAD) (20, 21) mixing periods as previously described (1, 4) . 2D RAD spectra of brain 1/generation 3 and brain 2/generation 3 samples (Figs. 4A, 4B) show strong inter-residue crosspeaks between F19 aromatic and I31 aliphatic signals, indicating spatial proximity (within Ϸ0.6 nm) of these sidechains. F19/I31 crosspeaks are observed only for the majority signals in both brain-seeded samples. This result is further evidence that the two brain-seeded samples have the same majority structure, and that this majority structure is different from purely synthetic fibril structures that have been characterized in detail, in which F19/I31 sidechain-sidechain contacts are not observed (4, 5) . 2D RAD spectra of purely synthetic fibrils show F19/L34, but not F19/I31, crosspeaks (Fig. S3) .
The 2D RAD spectrum of the control/generation 3 sample (Fig.  4C) shows weaker crosspeaks between F19 aromatic signals and I31 aliphatic signals. Volumes for F19-C /I31-C ␦ crosspeaks, normalized to the volumes of F19-C /F19-C ␣ crosspeaks, are 0.20 Ϯ 0.05, 0.19 Ϯ 0.06, and 0.12 Ϯ 0.02, for 2D RAD spectra of brain 1/generation 3, brain 2/generation 3, and control/generation 3 samples, respectively. In addition, weak F19/V24 crosspeaks are observed in the 2D RAD spectrum of the controls sample but not in spectra of brain-seeded samples.
Additional 2D fpRFDR spectra were obtained from brain 1/generation 3 and brain 2/generation 3 samples with uniform 15 N, 13 Clabeling of D23, K28, G29, I32, and V36 (Fig. S4) . Again, spectra of these two samples are nearly identical, with 13 C chemical shifts that differ significantly from those in synthetic striated ribbon and twisted fibrils (Table S1 and Fig. 3D ). Chemical shifts for D23 indicate a non-␤-strand conformation. Measurements of 15 N-13 C dipole-dipole couplings between the K28 sidechain amino group and the D23 sidechain carboxylate group in these samples, using the frequency-selective rotational echo double resonance technique (22) , indicate 3.4 Ϯ 0.2 Å 15 N-13 C distances (Fig. 5A) , consistent with D23-K28 salt bridge interactions as observed previously in synthetic striated ribbon fibrils (1, 5) . Additional measurements of intermolecular 13 C-13 C dipole-dipole couplings in a brain 1/generation 3 sample with selective 13 C labeling of the V12 carbonyl and the A21 methyl carbon sites, using the PITHIRDS-CT technique (23), indicate 4.8 Ϯ 0.2 Å intermolecular distances for both sites (Fig. 5B) , establishing an in-register, parallel ␤-sheet structure as in purely synthetic A␤ 1-40 fibrils (1, 4, 24) .
In existing structural models for purely synthetic A␤ 1-40 fibrils (4, 5), ␤-strands formed by residues 10-22 and 30-40 form separate in-register parallel ␤-sheets, with inter-sheet contacts between odd-numbered sidechains in the N-terminal ␤-strand and evennumbered sidechains in the C-terminal ␤-strand. The F19/I31 contacts in Fig. 5 indicate that the C-terminal ␤-sheet is flipped in the majority brain-seeded structure, placing odd-number sidechains in the N-terminal and C-terminal ␤-strands in contact with one another. Such a model was suggested in earlier work (see Fig. 4 in Ref. 25 ), but was not confirmed in more extensive studies of purely synthetic A␤ 1-40 fibrils (4, 5, 26) . Cysteine mutants of A␤ have been found to be capable of such contacts (3), and F19/I31 contacts have been detected by solid-state NMR in fibrils formed by residues 10-40 of ␤-amyloid (2).
Discussion
Data presented above show that fibrillar material extracted from AD brain tissue accelerates fibril formation in synthetic A␤ solutions, in the same way that synthetic A␤ 1-40 fibrils act as seeds for fibril growth (1, 4) . These data are consistent with earlier work of Maggio et al., who showed that synthetic ␤-amyloid peptides bind to AD (but not normal) brain tissue, presumably by adding to fibrils in the tissue (27) . Because molecular structures and morphologies of A␤ 1-40 fibrils have been shown to propagate themselves through multiple generations in seeded growth (1, 4) , the molecular structures of brain-seeded A␤ fibrils are likely to correspond to structures in the brains themselves. The similarity of solid-state NMR spectra of brain 1/generation 3 and brain 2/generation 3 samples, together with the observation of greater structural heterogeneity in the control/generation 3 sample, suggests that specific structures are present in AD brains. NMR data for the two AD brain-seeded samples indicate that the same two molecular structures are present in both samples, and that both brain-seeded structures differ from structures that we have characterized in previous studies of purely synthetic A␤ 1-40 fibrils with striated ribbon and twisted morphologies (4, 5) . The predominant structure in brain-seeded samples has the morphology indicated by red arrows in Figs. 1G and 1H. 13 C NMR chemical shifts indicate a strand-bend-strand conformational motif in the predominant structure. 2D RAD spectra indicate F19/I31 sidechain-sidechain contacts between ␤-sheets formed by the N-terminal and Cterminal ␤-strands. MPL data suggest the presence of three molecular layers in the predominant structure.
Our previous work has shown that A␤ 1-40 fibrils with distinct structures exhibit different levels of toxicity in neuronal cell cultures, raising the possibility that certain fibril structures may be more neurotoxic than others in the brain (1, 4). Results described above indicate the feasibility of testing this proposal by directly comparing molecular structures of brain-seeded fibrils prepared with extracts from different sources of brain tissue, using physical measurements such as solid-state NMR and electron microscopy. For example, fibrils in ␤-amyloid plaques in AD patients may differ structurally from those in asymptomatic elderly persons, or fibril structure may correlate with the degree of cognitive impairment and neurodegeneration in AD patients.
The precise nature of aggregated ␤-amyloid that is the primary neurotoxic species in AD is a subject of current debate, with much recent work focusing on nonfibrillar aggregates (11, 17, (28) (29) (30) . The modest correlation in AD between plaque burden at autopsy and severity of dementia before death (31) is one important motivation for this debate. In addition, although plaques are present throughout the brain at autopsy, AD symptoms (i.e., memory loss and cognitive dysfunction) are associated mainly with the frontal cortex and hippocampus. AD patients do not have clinical signs relating to the occipital lobe, for example, despite that fact that neuritic plaques can be abundant in this region (32, 33) . Although these observations may indicate a non-essential role for ␤-amyloid fibrils, they may also be a consequence of variations in the molecular structure of fibrils among patients and among brain regions (if, in fact, fibrils with different structures have significantly different neurotoxic effects in the brain). Future experiments will address these possibilities. In addition, even if the primary neurotoxic species are nonfibrillar aggregates that are precursors to fibrils, fibril structure may report on precursor structure, given that molecular structural variations in amyloid fibrils arise from structural variations at the nucleation stage (1-3) , which precedes the appearance of the fibrils themselves.
Meyer-Luehmann et al. (9) have shown that intracerebral injection of brain extracts from AD patients or aged transgenic mice (APP23 and APPPS1) into young APP23 and APPPS1 mice induces amyloid plaque formation, with histopathological details that depend on both the source and the host. Their observations suggest the presence of structural variations among ␤-amyloid aggregates in the human and transgenic mouse brains, as well as environmental effects on the propagation of specific structures. Attempts to induce plaque formation in the same mice by intracerebral injection of purely synthetic ␤-amyloid fibrils were unsuccessful (9), suggesting that their synthetic fibrils were structurally distinct from fibrils in their brain extracts. Overall, these results are consistent with our experiments and with the hypotheses outlined above.
Nilsson et al. have described the use of luminescent conjugated polymers as fluorescent dyes that can differentiate among ␤-amyloid fibril structures (34) . Their experiments on brain tissue from APP Swe transgenic mice show the presence of different fibril structures in different plaque types and in different regions of plaques (core vs. periphery), although the nature of these structural differences is not known. In related work, Sigurdson et al. have shown that binding to different mammalian prion strains induces variations in the fluorescence spectra of luminescent conjugated polymers (35) , suggesting a similarity between structural differences that underlie prion strains and structural differences among ␤-amyloid fibrils in brain tissue.
Finally, our approach to amplification of A␤ 1-40 fibril quantities by repeated rounds of seeding is similar to the work of Soto et al. and Caughey et al., who have demonstrated the amplification of mammalian prion proteins in protease-resistant form by seeded growth (36, 37) , and to that of Colby et al., who have demonstrated seeded growth of recombinant prion protein fibrils by partially purified prions derived from brain tissue (38) . The same approach may also be used to identify the molecular structures of polymorphic fibrils associated with other amyloid diseases, such as amylin fibrils in type 2 diabetes (39), by seeding synthetic peptides or recombinant proteins with fibrils extracted from the affected tissue.
Materials and Methods
Amyloid Extraction. Frontal lobe brain tissue was obtained at autopsy from two patients who had been diagnosed with advanced AD. Frontal lobe tissue was chosen because it is abundant and is known to contain a high density of neuritic plaques. Diagnosis was confirmed by histopathological examination of this tissue and other brain tissue. Brains 1 and 2 refer to those of a 90-year-old woman and a 76-year-old man, respectively. No personal descriptors were available to us. Amyloid was extracted essentially as described by Roher et al. (12) , except that filtration using steel meshes and final dissolution of the material in formic acid were not performed. Details are given in SI Text. Typically, 80 g of protein (BCA and Bradford assays) was obtained from 30 g of brain tissue. Extracted material was divided into aliquots containing 8 -10 g of protein and stored at Ϫ80°C until needed.
Frontal lobe brain tissue was also obtained from autopsies of two nondemented patients who died of conditions unrelated to AD, a 56-year-old woman and a 25-year-old man. In both of these cases, application of the same extraction procedure yielded roughly 22 g of protein from 20 g of tissue. TEM of this material showed only nonfibrillar particles. AD Brain 2 was from National Development and Research Institutes, Inc. All other brain tissue was from The University of Chicago Hospitals.
ThT Fluorescence. Fibrillogenesis kinetics experiments used 100 M of monomeric synthetic A␤ 1-40 in 10 mM sodium phosphate, pH 7.40 (14) . Seeds were either aliquots from brain tissue or synthetic A␤ 1-40 fibrils, produced as described elsewhere (14) . Seeds were suspended in 25 l of 10 mM sodium phosphate, pH 7.40, and probe sonicated for 60 seconds at 20°C before addition to a fresh A␤ solution. Seeds represented Ϸ5% of the total peptide mass. Relative fibril quantities at each time point were measured by adding 10 l aliquots of peptide solutions to 1 ml of 10 M ThT solution and recording fluorescence at 490 nm with excitation at 446 nm (Hitachi F2000 fluorimeter).
Preparation of Solid-State NMR Samples. A␤ (sequence DAEFRHDSGY EVH-HQKLVFF AEDVGSNKGA IIGLMVGGVV) was synthesized and purified as previously described (1) . Monomeric A␤ 1-40 solutions were prepared immediately before seeding by dissolving synthetic peptide at 5.8 mM in dimethyl sulfoxide (DMSO), diluting to 210 M in pH 7.40 buffer solution (10 mM phosphate, 0.01% NaN 3), dialyzing for 1 hour against pH 7.40 buffer, and filtering with 0.22 m filters (Millipore Millex). Seeds (Ϸ5% by A␤1-40 molecules) were prepared by probe sonication of the previous fibril generation (Branson model 250 sonifier, lowest power, 10% duty factor, 30 seconds). For seeding of generation 1, brain material containing Ϸ9 g of fibrils was dispersed in 100 l of pH 7.40 buffer by probe sonication for 60 seconds immediately before addition to 198 l of 210 M monomeric A␤1-40 solution. For control/generation 1, a blank 100-l buffer aliquot was treated identically before addition to a monomeric A␤1-40 solution.
Generation 1 solutions were incubated quiescently at room temperature for 1 month before sonication to generate seeds for generation 2. This extended incubation period and quiescent conditions were chosen to permit all structures in the brain extract to act as seeds and to ensure full conversion of synthetic A␤1-40 to fibrillar form. To accelerate fibril formation, minimize possible contributions from unseeded fibril growth, and reduce preferential propagation of specific amyloid structures, generations 2 and 3 were ''self-seeded'' 4 hours after initial seeding, i.e., aliquots (5% by volume) were taken from the incubating solutions, bath sonicated (Cole-Parmer ultrasonic cleaner) in 1-ml tubes for 3 minutes, and then returned to the incubating solutions. Self-seeded solutions were then incubated for 24 hours before electron microscopy, solid-state NMR, or sonication for the next generation. For solid-state NMR, generation 3 fibrils were pelleted by ultracentrifugation for 20 minutes at 175,000 g, resuspended in deionized water, frozen in liquid nitrogen, and lyophilized. Lyophilized fibril samples (Ϸ4 mg each) were packed in 3.2 mm MAS NMR rotors and rehydrated with 0.5-1.0 l of deionized water per milligram of A␤ 1-40. Electron Microscopy. TEM images were recorded with an FEI Morgani microscope operating at 80 kV. Fibril solutions were diluted in deionized water to Ϸ20 M A␤ 1-40 concentration. Aliquots (5 l) were adsorbed for 2 minutes to freshly glow-discharged carbon films (Ϸ5 nm thickness, supported by lacey carbon on a 300-mesh copper grid) and blotted with filter paper. After rinsing with deionized water (5 l for 1 minute) and blotting, samples were stained with 3% uranyl acetate (5 l for 1 minute), blotted, and air-dried.
Brain extract was probe sonicated briefly (10 seconds, lowest power, 10% duty factor) before adsorption to carbon films. Without probe sonication, amyloid fibrils in brain extract were masked by nonfibrillar material and could not be observed clearly by TEM.
The brain-seeded sample for EFTEM measurements was prepared in a similar manner to the TEM samples, but with thinner carbon films (3 nm), co-adsorption of tobacco mosaic virus (TMV) as a mass standard (131 kDa/nm), no stain, and extra rinsing steps to remove nonfibrillar material. EFTEM images were recorded as described by Feja et al. (16) , using an FEI Tecnai TF30 microscope at 300 kV, with an incident dose of Ϸ2000 electrons/nm 2 and a 15-35 eV energy loss range, which includes the plasmon maximum at 25 eV.
Solid-State NMR. Measurements were performed in a 14.1-T field (150.7-MHz 13 C NMR frequency) with a Varian InfinityPlus spectrometer and Varian 3.2 mm MAS NMR probes. 2D 13 C NMR spectra were recorded with fpRFDR mixing (18) (23.00 kHz MAS, 13.0-microsecond 13 C pulses, 1.39-millisecond mixing period or 14.00 kHz MAS, 20.0-microsecond 13 C pulses, 2.29-millisecond mixing period) or at 20.00 kHz MAS frequency with RAD mixing (20, 21) (500-millisecond mixing period), with other conditions as described elsewhere (1, 2, 4, 5) . Frequencyselective rotational echo double resonance and PITHIRDS-CT data were obtained as previously described (4, 5, 23) .
